1. Introduction
===============

The use of synthetic chemical dyes in various industrial processes, including paper and pulp manufacturing, plastics, dyeing of cloth, leather treatment and printing has increased considerably over the last few years, resulting in the release of dye-containing industrial effluents into the soil and aquatic ecosystems \[[@B1-molecules-17-14260]\]. Since most of these dyes are toxic in nature, their presence in industrial effluents is of major environmental concern because they are usually very recalcitrant to microbial degradation \[[@B2-molecules-17-14260]\]. In some cases, the dye solution can also undergo anaerobic degradation to form potentially carcinogenic compounds that can end up in the food chain \[[@B3-molecules-17-14260]\]. Moreover, highly coloured wastewaters can block the penetration of sunlight and oxygen, essential for the survival of various aquatic forms \[[@B4-molecules-17-14260]\]

Textile industries utilize substantial volumes of water and chemicals for wet-processing of textiles. These chemicals, ranging from inorganic compounds and elements to polymers and organic products are used for desiring, scouring, bleaching, dyeing, printing, and finishing \[[@B5-molecules-17-14260]\]. There are more than 8,000 chemical products associated with the dyeing process listed in the Colour Index, including several structural varieties of dyes, such as acidic, reactive, basic, disperse, azo, diazo, anthraquinone-based and metal-complex dyes \[[@B3-molecules-17-14260]\]. The removal of colour from wastewaters is often more important than the removal of the soluble colourless organic substances, which usually contribute to the major fraction of the biochemical oxygen demand (BOD). Methods for the removal of BOD from most effluents are fairly well established; dyes, however, are more difficult to treat because their synthetic origin are mainly complex aromatic molecular structures, often synthesized to resist fading on exposure to sweat, soap, water, light or oxidizing agents \[[@B1-molecules-17-14260],[@B6-molecules-17-14260]\]. This renders them more stable and less amenable to biodegradation \[[@B7-molecules-17-14260],[@B8-molecules-17-14260]\].

Many approaches, including physical and/or chemical processes, have been used in the treatment of industrial wastewater containing dye but such methods are often very costly and not environmentally safe \[[@B9-molecules-17-14260],[@B10-molecules-17-14260]\]. Methods utilizing powdered activated carbon and activated bentonites have been commonly used \[[@B11-molecules-17-14260],[@B12-molecules-17-14260]\]. However, the large amount of sludge generated and the low efficiency of treatment with respect to some dyes have limited their use \[[@B13-molecules-17-14260]\]. Colour removal using ozone is also usually effective and fairly rapid, but not all the methods employed give satisfactory results especially for some dispersed dyes \[[@B1-molecules-17-14260]\]. Another widely used treatment method for coloured effluents is the physical-chemical flocculation with metal hydroxides assisted by polymer flocculants \[[@B14-molecules-17-14260]\], while the application of pre-mixed polyelectrolyte complexes made by the interaction of aqueous solutions of polycation and polyanionis accepted as a more practical method \[[@B15-molecules-17-14260]\]. Such complex particles are able to bind disperse dyes effectively over large distances due to their size and structure via hydrophobic as well as electrostatic interaction forces \[[@B16-molecules-17-14260]\]. However, because dye molecules or their aggregates are incomparably smaller than such inorganic particles, and in some cases also uncharged, it is necessary to apply other flocculation principles.

Interest in the pollution potential of textile dyes has been primarily prompted by concern over their possible toxicity and carcinogenicity. This is mainly because many dyes are made from known carcinogens, such as benzidine and other aromatic compounds, all of which might be transformed because of microbial metabolism \[[@B6-molecules-17-14260]\]. It has also been shown that azo- and nitro- compounds are reduced in sediments \[[@B17-molecules-17-14260]\] and in the intestinal environment \[[@B18-molecules-17-14260]\], resulting in the regeneration of the parent toxic amines. Some disperse dyes have also been shown to bio-accumulate \[[@B19-molecules-17-14260]\], while heavy-metal ions from textile effluents have also been reported at high concentrations in both algae and higher plants exposed to such effluents \[[@B20-molecules-17-14260]\]. In recent times, industries have been faced with more stringent effluent treatment regulations and are required to lower the colour content in their wastewater before discharge into the surface water \[[@B21-molecules-17-14260]\]. This means that for most textile industries, developing on-site or in-plant facilities to treat their own effluents before discharge is fast approaching actuality. New flocculation mechanisms are therefore attracting more attention \[[@B22-molecules-17-14260]\].

The removal of dyes from wastewater presents a formidable challenge, as most dyes are completely soluble in aqueous solutions \[[@B23-molecules-17-14260]\]. Although dyes constitute only a small portion of the total volume of waste discharge in textile processing, these compounds are not readily removed by typical microbial-based waste-treatment processes \[[@B24-molecules-17-14260]\]. Furthermore, dyes can be detrimental to the microbial population present in such treatment works and may lead to decreased efficiency or treatment failure in such plants \[[@B25-molecules-17-14260]\]. Bioflocculants can be used in various industries such as in wastewater treatment, domestic, brewage, and pharmaceutical wastewater treatment, textile industry, dredging/downstream processes and in food-processing and fermentation industries \[[@B26-molecules-17-14260],[@B27-molecules-17-14260]\]. Recently, Zhang *et al.* \[[@B28-molecules-17-14260]\] reported that bioflocculants produced by bacterial strains xn11 + xn7 were effective in decolorizing basic fuchsin (100 mg L^−1^) but less effective in decolorizing reactive black (50 mg L^−1^), exhibiting a decolorization efficiency of 93 and 35%, respectively. Biological methods, being relatively cheap and simple to use, have been the focus of recent studies on dye degradation and decolourization \[[@B18-molecules-17-14260]\]. Therefore, the objective of this study was to evaluate the ability of the bioflocculants, produced by bacteria indigenous to a wastewater treatment plant in South Africa, to remove dyes from textile industrial effluents.

2. Results
==========

2.1. Dye Removal by the Bacterial Bioflocculants
------------------------------------------------

Analysis of 16S rRNA gene sequence identified the isolates as *Bacillus subtilis* (E1), *Exiguobacterium acetylicum* (D1), *Klebsiella terrigena* (R2), *Staphylococcus aureus* (A22), *Pseudomonas pseudoalcaligenes* (A17), and *Pseudomonas plecoglossicida* (A14). Bioflocculants produced by all the bacterial isolates were able to decolourize the textile industrial effluent with a removal rate of up to 97.04%, 80.61%, 94.93% and 81.64% for whale, mediblue, fawn and mixed dye, respectively ([Figure 1](#molecules-17-14260-f001){ref-type="fig"}). A very low removal of fawn dye was observed for isolates A14, A17 and A22, with only 22.13--28.18% removal. Overall, whale dye was most effectively removed from the industrial textile dye effluent, with a removal efficiency ranging from 89.15--97.04% for all the bioflocculants. The chemical properties of the textile dyes used in this study are shown in [Table 1](#molecules-17-14260-t001){ref-type="table"}.

2.2. Effect of pH and Temperature on Dye Removal
------------------------------------------------

The effect of pH and temperature on the removal of the dyes by the bacterial bioflocculants is shown in [Figure 2](#molecules-17-14260-f002){ref-type="fig"} and [Figure 3](#molecules-17-14260-f003){ref-type="fig"}, respectively. A pH of 7 was found to be optimum for the removal of both whale ([Figure 2](#molecules-17-14260-f002){ref-type="fig"}a) and mediblue ([Figure 2](#molecules-17-14260-f002){ref-type="fig"}b) dyes for all the bacterial bioflocculants, with a slight decrease in removal rate at pHs 6, 8, and 9. At pH 10, up to 28.15% reduction in the whale and mediblue dye removal efficiency was observed for isolate E1, compared to the removal rate at the optimum pH. For fawn ([Figure 2](#molecules-17-14260-f002){ref-type="fig"}c) and mixed dye ([Figure 2](#molecules-17-14260-f002){ref-type="fig"}d), the highest removal was observed at pH of 10, except for bioflocculant from isolates A14 and A17 with an optimum pH of 9 for fawn dye removal ([Figure 2](#molecules-17-14260-f002){ref-type="fig"}c). There was an increase in the removal rate of fawn dye with an increase in pH. Similarly, the optimum temperature for whale dye ([Figure 3](#molecules-17-14260-f003){ref-type="fig"}a) and mediblue dye ([Figure 3](#molecules-17-14260-f003){ref-type="fig"}b) removal was 35 °C for all the bacterial bioflocculants, while those for fawn and mixed dye was found to vary between 40 --45 °C ([Figure 3](#molecules-17-14260-f003){ref-type="fig"}c) and 35--40 °C ([Figure 3](#molecules-17-14260-f003){ref-type="fig"}d), respectively.

![Dye removal from the textile industrial effluents using bioflocculants produced by the bacterial isolates at 10 ppm concentration.](molecules-17-14260-g001){#molecules-17-14260-f001}

molecules-17-14260-t001_Table 1

###### 

Chemical properties of the textile dyes used in this study.

  Colour      Classification   Dyes                         Concentration (%)   Bulk Density (kg/m^3^)
  ----------- ---------------- ---------------------------- ------------------- ------------------------
  Whale       Azo              Dianix yellow S-6G           0.37                ≈600
                               Dianix rubine S-3B           0.085               
                               Dianix navy CC               1.70                
  Medi-blue   Anthraquinone    Avolan 15 LIQ                0.30                400--600
                               Dianix turquois blue S-BG    0.35                
                               Dianix blue KFBL             0.0084              
  Fawn        Azo              Dianix yellow S-6G           0.048               450--520
                               Tiacron/rubine -- C-BT 200   0.038               
                               Dianix blue K-FBL            0.018               

2.3. Dye Removal in the Presence of Cationic Salts
--------------------------------------------------

The effect of cations on the removal of the dyes is depicted in [Table 2](#molecules-17-14260-t002){ref-type="table"}. The most effective cation for the removal of whale dye was MnCl~2~, followed by MgSO~4~ and CaCl~2~, while CTAB was the least, with as low as 28.41% dye removal observed using bioflocculant produced by isolate R2. The most effective cation for the removal of mediblue dye was MnCl~2~ for all the bioflocculants, followed by MgSO~4~, CTAB and CaCl~2~, with up to 99.58% removal observed for bioflocculant from isolate E1 in the presence of MnCl~2~. The least mediblue dye removal rate of 49.39% was observed with bioflocculant from isolate D1. Fawn dye seems to be better removed in the presence of CTAB for bioflocculant from all isolates, except for isolate A14, where only 46.83% removal was obtained. Generally, low removal efficiency was obtained with the mixed dye in the presence of CTAB, MgSO~4~, and CaCl~2~. However, removal rate as high as 99.11% was observed in the presence of MnCl~2~ using bioflocculant from isolate A17.

![Effects of pH on the removal of (**a**) whale dye; (**b**) mediblue dye; (**c**) fawn dye; and (**d**) mixed dye from textile industrial effluents.](molecules-17-14260-g002){#molecules-17-14260-f002}

![Effects of temperature on the removal of (**a**) whale dye; (**b**) mediblue dye; (**c**) fawn dye; and (**d**) mixed dye from textile industrial effluents.](molecules-17-14260-g003){#molecules-17-14260-f003}

molecules-17-14260-t002_Table 2

###### 

Effects of cations ^a^ on the removal of dyes from the wastewater effluents by the bacterial bioflocculants at 10 ppm concentration.

        Dye removal (%)                                                                                                                            
  ----- ----------------- ------- ------- ------- -- ------- ------- ------- ------- -- ------- ------- ------- ------- -- ------- ------- ------- -------
  E1    36.58             72.87   96.83   59.85      68.36   50.34   53.47   78.47      99.10   99.58   77.40   83.74      99.57   77.70   71.03   62.33
  D1    61.60             72.39   98.29   40.92      75.36   49.39   50.21   65.07      98.20   84.03   80.23   76.85      94.89   70.63   73.62   56.28
  R2    28.41             76.66   89.27   40.41      73.82   53.98   57.00   75.60      98.20   94.12   76.04   98.52      97.45   85.87   74.17   68.37
  A22   29.19             66.56   88.54   43.48      77.46   49.93   53.32   64.12      99.10   87.82   73.82   95.07      88.51   79.55   74.17   61.40
  A17   37.71             83.82   74.88   20.97      74.91   52.50   99.01   78.47      99.10   94.96   76.65   99.11      93.62   81.78   70.30   59.54
  A14   38.92             77.04   46.83   35.29      74.55   56.14   99.43   84.21      97.21   95.80   83.24   99.02      95.32   89.22   68.08   52.56

WD = Whale Dye; MD = Mediblue Dye; FD = Fawn Dye; MD = Mixed Dye; ^a^ 100 μL of the 1M solution of the different cationic salts was added to a mixture of the dye effluent and bioflocculant in a test tube before determining the flocculating activities of the bacterial bioflocculants and the dye removal rate.

3. Discussion
=============

In this study, the dye-removal potential of bioflocculants produced by bacterial isolates indigenous to a wastewater treatment plant was investigated. Bioflocculants from all the isolates were able to remove the different dyes tested from industrial wastewater to varying degrees, possibly by causing aggregation of particles and cells due to bridging and charge neutralization as previously reported \[[@B29-molecules-17-14260]\]. Bridging occurs when the flocculant extends from the particle's surface into the solution for a distance greater than the distance over which the interparticle repulsion acts. In this case, the biopolymer can adsorb to other particles to form flocs \[[@B30-molecules-17-14260],[@B31-molecules-17-14260]\]. The results obtained in this study demonstrate that the removal of all the dyes tested was directly proportional to the bioflocculant concentration until an optimum concentration was reached (results not shown). Shubo *et al.* \[[@B32-molecules-17-14260]\] also reported that higher decolourization of dyes can be achieved by increasing the concentration of the bioflocculants. In order to be effective in destabilization, a polymer molecule must contain chemical groups that can interact with sites on the surface of the colloidal particle. A particle-polymer-particle complex is thus formed in which the polymer serves as a bridge. If a second particle is not available in time, the extended segments may eventually adsorb on other sites on the original particle, so that the polymer is no longer capable of serving as a bridge \[[@B29-molecules-17-14260],[@B33-molecules-17-14260]\]. A direct stoichiometric relationship between optimum polymer dosage and colloid concentration has previously been observed \[[@B34-molecules-17-14260]\].

The optimum pH was observed at pH 7 for whale and medi-blue dyes removal ([Figure 2](#molecules-17-14260-f002){ref-type="fig"}a,b), while for fawn and mixed dyes it was observed at pH 10 ([Figure 2](#molecules-17-14260-f002){ref-type="fig"}c,d). According to Willmott \[[@B35-molecules-17-14260]\], the optimum pH for colour removal is often at a neutral or a slightly alkaline pH and decolorization tends to decrease rapidly at strongly acidic or strongly alkaline pH values. As a result, the coloured wastewater is often buffered to enhance the colour removal performance. Colour removal in the alkaline pH range is presumably due to adsorption onto hydroxide flocs. Biological reduction of the azo bond of whale and fawn dye can result in an increase in pH due to the formation of aromatic amine metabolites that are more basic than the original azo compound \[[@B35-molecules-17-14260]\]. Chang *et al.* \[[@B36-molecules-17-14260]\] found that the dye reduction rate increased nearly 2.5-fold as the pH was raised from 5.0 to 7.0, with dye removal efficiency being insensitive to pH in the range of 7.0--9.5. These findings are in accordance with the results obtained in this study. On the other hand, Mittal and Gupta \[[@B37-molecules-17-14260]\] observed a decrease in the removal of three cationic dyes, viz., Orlamar Red BG, Orlamar Blue G and Orlamar Red GTL, with decreasing pH, using the bioflocculant of the fungus, *Fomitopsis carnea.*This was attributed to the fact that repulsive forces between coloured dye cations in solution and biosorbent surface charged positively at pH values lower than 3.0. In many systems, decolorization increases with increasing temperature, within a defined range that depends on the system \[[@B36-molecules-17-14260]\]. In this study, the temperature required to produce maximum decolorization was found to range between 35--45 °C for all the textile dyes tested ([Figure 3](#molecules-17-14260-f003){ref-type="fig"}). These results are consistent with those reported by Pearce *et al.* \[[@B13-molecules-17-14260]\]. Also, an optimum adsorption temperature of 35 °C was reported for Remazol Black B reactive dye using the bioflocculant from *Rhizopus arrhizus*, with a decreased adsorption observed with further increase in temperature due to decreased surface activity \[[@B38-molecules-17-14260]\]. The decline in colour removal activity at higher temperatures has been attributed to the possible loss of cell viability \[[@B13-molecules-17-14260]\].

The addition of divalent cations such as Mn^2+^, Mg^2+^, and Ca^2+^ enhanced both the flocculating activity and the decolourization of the dyes ([Table 2](#molecules-17-14260-t002){ref-type="table"}). Cations stimulate flocculating activity by neutralizing and stabilizing the residual negative charge of functional groups and by forming bridges between particles. Divalent and trivalent cations increase the initial adsorption of biopolymers on suspended particles by decreasing the negative charge on both the polymer and the particle \[[@B31-molecules-17-14260]\]. Divalent cations, viz., Mn^2+^, Mg^2+^, and Ca^2+^ have been shown to bind to the bioflocculants to form complexes, thereby stimulating flocculation and decolourization \[[@B39-molecules-17-14260]\]. However, Fujita *et al.* \[[@B40-molecules-17-14260]\] and Yim *et al.* \[[@B41-molecules-17-14260]\] indicated that the flocculating activity of *Citrobacter*sp. TKF04 and *Gyrodinium impudicum* KG03 was not enhanced by the addition of any cations, including Ca^2+^. Dyeing processes consume large amounts of salts, thus making salt concentration in dye-containing wastewater one of the important factors that influence biosorption capacity \[[@B42-molecules-17-14260],[@B43-molecules-17-14260]\]. Textile wastewaters may include metal ions beside dyes and salts due to metal-containing dyes used in textile industry. Metal ions may therefore play an important role in influencing biosorption rate and capacity as they might compete with dye molecules for the binding sites or stimulate the biosorption of dye onto biomass \[[@B43-molecules-17-14260]\].

Among the four dyes used in this study, whale dye was most easily decolourized, followed by medi-blue, mixed dyes and fawn dye, respectively. One explanation for this, according to Pearce *et al.* \[[@B13-molecules-17-14260]\], could be the acidic nature of the fawn dye. Acid dyes are the most problematic and difficult to decolourize due to their inert chemical structure and the attached phenyl, methyl, methoxy, nitro and sulphonate groups. Also, Sanghi *et al.* \[[@B44-molecules-17-14260]\] suggested that removal of colour from dye solutions is complex and may be due to physico-chemical processess of coagulation and/or chelation--complexation type reactions. These techniques decolorize textile wastewater by partially decomposing the dye molecules and thereafter leaving the harmful residues in the effluent \[[@B45-molecules-17-14260],[@B46-molecules-17-14260]\]. Fang *et al.* \[[@B45-molecules-17-14260]\] reported that the removal of dyes (anionic azo-dyes) by flocculants may be attributed to both charge neutralization and bridging effect, with the former being the dominant mechanism. The dye structure appears to be conducive to chelation/complex formation reactions with coagulants leading to the formation of insoluble metal dye complexes that may precipitate from solution. In the present study, colour removal could probably be due to aggregation or precipitation and adsorption of colouring substances onto the coagulant species.

4. Experimental
===============

4.1. Bioflocculant-Producing Bacterial Isolation and Identification
-------------------------------------------------------------------

Bioflocculant-producing bacteria were isolated from the activated sludge sample collected from the Northern Wastewater Treatment Plant in Durban, South Africa. Identification was done using standard biochemical tests, the API test kit (Biomerieux, Marcy l\'Etoile, France) as well as the 16S rRNA gene sequence analysis as described elsewhere \[[@B47-molecules-17-14260]\]. Total genomic DNA was isolated from LB-grown cells using QIAamp DNA Miniprep Kit (Qiagen, Hilden, Germany) following manufacturer's instructions, and used directly as the template for PCR amplification. The 16S rDNA of the bacterial isolates were amplified with the oligonucleotide primers: 63f and 1387r described by Marchesi *et al.* \[[@B48-molecules-17-14260]\].

4.2. Bioflocculant Production
-----------------------------

Bacteria were cultivated in 250 mL Erlenmeyer flasks containing 30 mL YMPG medium for 20 h at 28 °C on a rotary shaker at 220 rpm. A 0.7 mL aliquot was added into a 500 mL Erlenmeyer flask containing 70 mL of production medium (0.5% yeast extract, 0.5% polypeptone, 2% ethanol, 1% glycerol, 0.05% K~2~HPO~4~, 0.05% MgSO~4~.7H~2~O, 0.2% NaCl, and 0.2% CaCO~3~). The flasks were incubated for 3 days at 28 °C before determining the amount of bioflocculant produced by the ethanol precipitation method \[[@B49-molecules-17-14260]\].

4.3. Textile Dyes Used in This Study
------------------------------------

The three types of dispersible dyes selected for use in this study were whale, medi-blue, fawn and a mixture of dyes. The dyes are anionic and their chemical properties are shown in [Table 1](#molecules-17-14260-t001){ref-type="table"}. The dyes were collected from a textile industry in Hammarsdale (KwaZulu-Natal, South Africa) directly from the large storage tanks immediately after cooling of the dyes. Mixed dye was collected from the textile industrial treatment plant (also in Hammarsdale) and composed of a variety of dyes from all the textile industries around Hammarsdale.

4.4. Dye Removal by the Bacterial Bioflocculants
------------------------------------------------

In a test tube, undiluted dye effluent (9 mL) was mixed with different concentrations of the bacterial bioflocculants (1 mL, 2--10 ppm). The components of the test tube were mixed using a Labcon shaker at 200 rpm for 1 min, and then at 60 rpm for another 5 min. The dyes were left to settle for 60 min and the OD was measured spectrophotometrically at 550 nm using a UV/Visible spectrophotometer, Ultrospec 2000 (Pharmacia Biotech, Piscataway, NJ, USA). The decolourization efficiency or the percentage removal of dyes was calculated using the Equation (1): Where: C0 is the absorbance of the untreated dye and C is the absorbance after the treatment with bacterial bioflocculants \[[@B32-molecules-17-14260]\]. where C0 is the absorbance of the untreated dye and C is the absorbance after the treatment with bacterial bioflocculants \[[@B32-molecules-17-14260]\].

4.5. Effect of pH and Temperature on Dye Removal
------------------------------------------------

To determine the effect of pH on dye removal, the initial pH of dye-containing wastewater was adjusted accordingly in the test tubes (pH range of 6--10) using 2 N HCl or NaOH. To determine the effect of temperature, the test tubes containing dye wastewater were incubated at different temperatures (28 °C, 35 °C, 40 °C and 45 °C). The decolourization efficiency or the percentage removal of dyes was determined as previously described.

4.6. Determination of the Effects of Cationic Salts on Dye Removal
------------------------------------------------------------------

Different cationic compounds (CaCl~2~·2H~2~O, MgSO~4~·7H~2~O, MnCl~2~·7H~2~O and CTAB) were used to determine the effect of salts on dye removal by the bacterial bioflocculants at the optimum temperature and pH. A 100 µL of 1M solution of each cation was added to the mixture of dye effluent and bacterial bioflocculant before determining the decolourization efficiency or the percentage removal of dyes as previously described.

5. Conclusions
==============

Results obtained in this study suggest that bacterial bioflocculants may provide a promising economical and cleaner alternative to replace or supplement current treatment processes for the removal of very high concentrations of dyes in industrial wastewater effluents, as they are biodegradable and easily available and sustainable. However, the decolourization efficiency by the bacterial bioflocculants depends largely on the type of dye, pH, temperature and flocculant concentration.
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